Wear 474-475 (2021) 203868 


ELSEVIER 


Contents lists available at ScienceDirect 
Wear 


journal homepage: http://www.elsevier.com/locate/wear 


Check for 


Impact of voltage on the electric sliding tribological properties of current upaaies 


collectors against overhead lines 


Guiming Mei 


State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu, 610031, China 


ARTICLE INFO ABSTRACT 


Keywords: 
Electric sliding 
Friction 
Abrasion 
Overhead wire 
Current collector 


The impact of voltage on the electric sliding tribological properties of collectors gliding against overhead lines 
was experimentally investigated exploiting a block-on-disk test rig. The coefficient of friction, abrasion rate of 
collectors, temperature of the collectors and overhead lines, arc energy, and current-passing efficiency were 
collected or evaluated. The scar surfaces of current collectors were observed by SEM and analyzed by EDS. 
Results show that the voltage has a significant impact on the electric sliding tribological properties of collectors 


rubbing against overhead lines. The wear rate and temperature of collectors, and the arc energy all increase as 
the voltage increases. The influence mechanisms of voltage on the wear properties of collectors against overhead 
lines with current were also discussed. 


1. Introduction 


The electrified traction has many advantages, such as large traction 
capability, clean energy consumption, high efficiency and high running 
speeds. It has become the main type of railway traction systems. Elec- 
trified locomotives obtain electric power from the static ground through 
pantograph collectors gliding against overhead lines. The pantograph 
collector-overhead line system is a power-transmission system 
composed of a pantograph and an overhead line. The electric energy of 
electric locomotives comes from the high-voltage electric source by 
catenary transmission lines. The pantograph collector is the main 
component of electric locomotives used to obtain electric energy from 
overhead lines. The pantograph is located on the roof of the electric 
locomotive and runs with the electric locomotive. The current collector 
is brought into contact with the overhead wire under a preset force, 
thereby obtaining electric energy from the overhead line to power the 
locomotive. The pantograph-catenary system is an important link unit 
between high-speed electric locomotives and power-transmission plants 
and is also a key component of the regular operation of electrified 
railways. 

A pantograph collector-overhead line system is a special sliding 
friction pair working under complex and bad conditions, such as high- 
passage electric currents and high sliding speeds. It always suffers 
from a low-service life. Therefore, the pantograph collector-overhead 
line system has always been one of the main research topics in the 
electrified railway network system. Derosa et al. [1] researched heuristic 
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wear models for current collectors and overhead lines, to evaluate the 
wear of collectors and overhead lines as functions of a passing electric 
current, the uplift force between the collector, overhead line and train 
speed. Yang et al. [2] investigated the wear of carbon collectors in the 
sliding electric contact and concluded that delamination removal is the 
main wear mechanism of carbon collectors with current. Wei et al. [3] 
investigated the abrasion predictions of the rigid overhead wire and 
current collector in metro lines derived from Lim-Ashby’s wear model. 
Zhang et al. [4] investigated the impact of the fluctuating uplift force on 
the electric sliding frictional performances of collectors gliding against 
an overhead wire. Zhang et al.’s result has shown that large amplitudes 
of the dynamic uplift force were able to cause serious arc erosion and the 
crack initiation and propagation of collectors. Chen et al. [5] conducted 
a test investigation into the arc ablation properties of collectors against 
overhead lines. Bucca and Collina [6] researched the influence of arcing 
and sparking on the electric sliding tribological performance of current 
collectors against overhead wires. Grandin and Wiklund [7] investigated 
the influence of tribofilms on the electric sliding tribological perfor- 
mances. Bucca et al. [8] researched the influence of the cross interfer- 
ence of the contact loss, sparking and arcing on the tribological 
properties of current collector-overhead wire systems. Fu et al. [9] and 
Yang et al. [10] surveyed the influence of vibration on the electric 
sliding tribological performances of current collectors against overhead 
wires. Kubo and Kato [11,12] investigated the impact of arc erosion on 
the electric sliding tribological performance of current collectors gliding 
against overhead lines. 
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Fig. 1. Test rig: (a) schematic diagram, (b) details of assembly A, (c) test 
electric circuit and data measurement system. 


Table 1 
The chemical ingredients of the copper-silver alloy overhead line (weight %). 


Copper-silver overhead line 


Cu Ag Pb Bi (0) Balance 
99.72-99.76 0.08-0.12 <0.05 <0.05 <0.03 <0.03 
Table 2 


The chemical ingredients (weight %) and density of the current collector. 


Current collector 


Cc (0) Balance (S, N, C1) Density (kg/m) 
99.80 0.13 0.07 1600 
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Fig. 2. Electric current, voltage and train speed measured in a China’s high- 
speed railway line. 
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Fig. 3. Coefficient of friction as a function of voltage. 


So far, several wear mechanisms for pantograph collectors against 
overhead lines with electric current have been studied. Severe wear of 
collectors is attributed to arc ablation [13-20] and heat-enhanced wear 
[21-28]. In the electrified railway, the electric voltage between the 
overhead line and the rails is 25 kV in China, or 15 kV in Austria, Ger- 
many, Switzerland, Norway and Sweden. Midya et al. [29] reported that 
the arc voltage was correlated with the voltage of the test power supply 
through a laboratory test. Gao et al. [30] also reported that the arc 
voltage in an electrified railway pantograph-catenary system was 
correlated with the voltage between the catenary wire and the rails 
using the numerical simulation method. The author noticed that almost 
all experimental tests on the electric sliding of pantograph collectors 
against overhead lines were carried out in very low voltage values, about 
6-100 V [4,11-14]. In the laboratory tests, the test voltage is difficult to 
set as 25 kV or 15 kV because of the power limit of the test power supply. 
Naturally, researchers are concerned about the impact of voltage on the 
electric sliding tribological properties of current collectors against 
overhead lines. In this paper, several experimental tests were conducted 
to research the impact of voltage on the electric sliding tribological 
properties of current collectors against overhead lines. Results are 
profitable to further understand severe electric sliding wear mechanisms 
of current collectors against overhead lines. 


2. Experiments 
2.1. Test rig 


A current-carrying test rig, as depicted in Fig. 1, was used in the 
present study. It is mainly made up of a construction frame, a collector 
frame, a rotational disk, a variable-frequency motor, etc. A Cu-Ag alloy 
line was installed in the periphery of the rotating disc with a diameter of 
1100 mm. A variable-frequency motor of the maximum speed of 2980 r/ 
min and the maximum power of 48 kW was applied to drive the rotating 
disk. During testing, the overhead line rotated and the collector was 
static at the level plane, which produced a relative sliding velocity of 
0-400 km/h. The collector could oscillate vertically with an amplitude 
of 55 mm at a frequency of 0.1-3 Hz, to produce a zigzag relative motion 
between the collector and the overhead wire. The test rig was capable of 
providing a normal force of 10-400 N. The test rig equally provided a 
test electric supply with AC 0-3000 V test voltage and AC 0-800 A test 
current. The maximum output power of the test electric supply was 
limited to 150 kW. A variable resistance was exploited to regulate the 
test electric current to the prescribed current value for different test 
voltages, as shown in Fig. 1c. 
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Fig. 4. Abrasion rate of collectors as a function of voltage: (a) V = 150 km/h, (b) F, = 100 N. 
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Fig. 5. Change of the collector temperature when the electric current was 
switched on. 


2.2. Ingredients of test samples 


A copper-silver alloy overhead line and a carbon collector were used 
as the test samples. The overhead line sample was full-scale in the cross- 
section and was fixed on the rotating disk. The collector sample was 
fixed on the collector frame of the test rig. It was a block of 135 mm 
length, 30 mm width, and 24 mm thickness, which was full-scale in the 
cross-section. Tables 1 and 2 lists the chemical ingredients of the over- 
head wire and current collector, respectively. 


2.3. Calculations of the arcing energy and the current-passing coefficient 


The sliding electric contact is generally accompanied by arc 
discharge to some extent. Arcing has a significant impact on the abrasion 
of overhead lines and collectors. The intensity of arcing is evaluated 
using arc energy. It is defined as follows [11]: 


AE = I uidt (1) 


where AE represents the arcing energy (J); u represents the arc voltage 
between the collector and overhead wire (V). It is equal to the voltage 
drop between the collector and overhead wire when its absolute value is 
higher than the threshold voltage of 10 V. When the absolute value of 
the voltage drop is higher than the threshold voltage of 10 V, arc 
discharge is generally judged to have occurred [11,31]. When the ab- 
solute value of the voltage drop is less than or equal to 10 V, the arc 
voltage is equal to zero; i stands for the current passing through the 
friction couple (A). t stands for time (s). The integral interval is the entire 
test period. Since u and i were all discrete data, AE in Equation (1) was 
evaluated, using the Simpson Integration method. In Section 4.4, the 
waveforms of the voltage drop between the collector and overhead wire 
and current will be presented. 

To quantify the current-passing quality of the collectors against 
overhead lines, this paper introduced the current-passing efficiency to 
measure its current-passing quality. The effective value of the test cur- 
rent was calculated as follows: 


fp Pat 
T 


I= (2) 


where J is the effective value of the test current (A). T is the test duration. 
The effective value of the test current, divided by the rated current in 
the test, is defined as the current-passing efficiency of pantograph- 
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n=tx 100 (3) 


0 


where 7 is the current-passing efficiency of collectors against overhead 
lines (%); I, is the effective value of the test current in the test period (A); 
and Ip is the rated value of the test current (A). Since arc discharge and 
heat-enhanced wear generally occurs during the collector rubbing 
against the overhead line with the current passage, the effective value of 
current in the actual test circuit is always less than the rated value of 
current given in the test. That is, y is always less than or equal to 100%. 


2.4. Test data acquisitions 


The mass of collectors was gauged by exploiting an electronic bal- 
ance with an accuracy of 0.1 mg. The abrasion mass loss of the collector 
equaled the mass of the collector before the test, minus the mass of the 
collector after the test. The abrasion volume of the collector equaled the 
abrasion mass loss of the collector, divided by the density of the col- 
lector. The abrasion rate equaled the ratio of the abrasion volume to the 
sliding distance. Since the abrasion of the overhead wire was very small, 
and the overhead wire was fixed on the disk, the abrasion volume of the 
overhead line was difficult to gauge. Thus, the abrasion of the overhead 
line was ignored. A Hall current transducer and a Hall voltage trans- 
ducer were applied to gauge the arc electric current and voltage, 
respectively. The temperatures of the collector and overhead wire were 
gauged, using an infrared thermal imager. A signal acquisition system 
was deployed collecting the electric current, the voltage drop between 
the collector and overhead wire, and the friction force. The sampling 
frequency was 1000 Hz. A schema of the signal acquisition system is 
shown in Fig. 1c. 


2.5. Experiment methods and experiment parameters 


Before the tests, the overhead line was polished with an abrasion 
paper of grain 1000, and then cleaned with alcohol. The surface 
roughness of the overhead line was Ra 3.2-6.4 um. Each test was 
reduplicated 3 times under the same test parameter. The mean value of 
these three test results was regarded as the test result corresponding to 
the test parameter. 

Fig. 2 shows a field measurement result of the electric current, the 
electric voltage, and the train speed in a China’s high-speed railway line. 
In the figure, the measurement values of the electric current and the 
electric voltage were the effective values of the AC current and voltage. 
The AC voltage referred to the voltage of the high voltage side of the 
traction transformer of the high-speed train. In the China’s electrified 
railway, the electric voltage of 25-30 kV between the overhead line and 
the rails is allowed. From Fig. 2, one can see that the effective value of 
the electric current was less than 100 A in most train operation time. 
Generally, a pantograph is equipped with two collectors. In the China’s 
electrified railway, the electric voltage between the overhead line and 
the rails was AC 25 kV. The maximum traction power of a high-speed 
train consisting of 8 vehicles in the speed class of 0-250 km/h was 
4800-5500 kW. The maximum current flowing through an overhead 
line to a collector was AC 192-220 A. The nominated normal force be- 
tween the overhead line and collector was 70 + 10 N. The experiment 
parameters were prescribed as follows: the total sliding distance d = 200 
km; AC electric current I = 0 and 100 A; normal force Fn = 60, 80, 100, 
and 120 N; sliding velocity V = 25, 50, 100, 150, and 200 km/h. The 
frequency and amplitude of the zigzag relative movement between the 
collector and the overhead wire were 0.3 Hz and 55 mm, respectively. 
Since the resistance value of the variable resistance of the test rig 
changed in steps, the test voltage was determined as 3.5, 167, 667, 1352 
V for the test electric current of 100 A. 

In this paper, the test procedure was presented as follows: 
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Fig. 6. Collector temperature as a function of voltage: (a) V = 150 km/h, (b) Fa = 100 N. 


(1) The sliding speed of the tester was adjusted to a low stable speed, 3. Test results 
about 20-25 km/h, from the static state with the zig reciprocating 
motion without electric current. 3.1. Coefficient of friction as a function of voltage 
(2) Switch on the electric power. For different voltage levels, the 
tester provides different variable resistance values. By fine-tuning Fig. 3 indicates the coefficient of friction as a function of voltage 
the power supply voltage, the electric current flowing from the between the collector and overhead wire. In the figure, the electric 
carbon collector to the contact wire was adjusted to 100 A. current was I = 0 when the electric voltage was U = 0; and the electric 
(3) The sliding speed of the tester was adjusted to the prescribed current was I = 100 A when the electric voltage was U = 3.5, 167, 667, 
speed. and 1352 V, respectively. One can see that when U = 0, the coefficient of 


friction of the collector scraping against the overhead line was lower 
than when U = 3.5 V. For example, the friction coefficient was u = 0.42 
when the electric voltage was U = 0, while the friction coefficient was y 
= 0.46 when the electric voltage was U = 3.5 V for the normal force F, = 
60 N. One can also see that the friction coefficient gradually decreased as 
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Fig. 7. Arc energy as a function of voltage: (a) V = 150 km/h, (b) Fa = 100 N. 
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Fig. 8. Current-passing efficiency as a function of voltage: (a) v = 150 km/h, (b) Fa = 100 N. 
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Fig. 9. SEM images of the worn scars for different voltages: (a) U = 0, (b) U = 3.5 V, (c) U = 167 V, (d) U = 667 V, (e) U = 1352 V. 


the voltage increased. For example, it was u = 0.41 when the electric 
voltage was U = 1352 V, which is 0.05 smaller than when it was U = 3.5 
V. It can be seen as well that, for the same voltage, the friction coefficient 
decreased as the normal force increased. For example, when the normal 
force was F, = 60 N, the friction coefficient was u = 0.41, while the 
normal force was F, = 120N, the friction coefficient was = 0.28 for the 
voltage U = 1352 V. 


3.2. Abrasion rate of collectors as a function of voltage 


Fig. 4a displays the abrasion rate of collectors as a function of voltage 
for different normal forces. From the figure, it can be seen that the 
voltage exhibited a significant influence on the abrasion rate of current 
collectors. The abrasion rate of collectors increased as the voltage 
increased. When U = 0, the abrasion rate of carbon collectors was W, = 
0.172-0.248 mm?/km; when U = 3.5 V, W, = 1.452-4.664 mm?/km; 
when U = 167 V, W, = 5.732-10.326 mm3/km; when U = 667 V, W, = 
6.711-13.773 mm?/km; and when U = 1352 V, W, = 8.126-16.286 
mmĉ?/km. The abrasion rate of collectors when U = 1352 V was 3.49 
times as many as when U = 3.5 V. Fig. 4b shows the abrasion rate of 
current collectors as a function of voltage for different sliding speeds. 


One can see that, as the voltage increased, the abrasion rate of collectors 
also increased. For the same voltage, the abrasion rate of collectors 
increased as the sliding speed increased. 


3.3. Temperature of collectors as a function of voltage 


Fig. 5 highlights the variation of the temperature of a collector 
against the time when the voltage was changed from 0 to 3.5 V (corre- 
sponding to I = 100 A) at the time of about 1275 s. One can see that 
when the electric voltage was posted, the temperature of the collector 
rose sharply, and finally became approximately constant. From now on, 
the temperature of the collector is defined as the steady-state tempera- 
ture of collectors. Fig. 6a shows the collector temperature as a function 
of voltage for different normal forces. One can see that the collector 
temperature increased as the voltage increased for the same normal 
force. For the same voltage, the collector temperature decreased as the 
normal force increased. When F, = 60 N, U = 1352 V, and V= 150 km/ 
h, the maximum collector temperature of 280.8 °C was reached. Fig. 6b 
depicts the collector temperature as a function of voltage for different 
sliding speeds. One can see that the collector temperature increased as 
the voltage increased for the same sliding speed. For the same voltage, 
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Fig. 10. EDS analysis of the scar surfaces: (a) worn surface when U = 0, (b) EDS analysis of point “Spectrum 3” in Fig. 10a, (c) worn surface when U = 3.5 V, (d) EDS 


analysis of point “Spectrum 3” in Fig. 10c. 


the collector temperature increased as the sliding speed increased. When 
U = 1352 V, F, = 100 N, and V = 200 km/h, the collector temperature 
reached the maximum value of about 268.5 °C. 


3.4, Arc energy as a function of voltage 


Fig. 7a shows the arc energy as a function of voltage for different 
normal forces. From the figure, one can see that as the voltage increased; 
the arc energy also increased for the same normal force. Fig. 7b high- 
lights the arc energy as a function of voltage for different sliding speeds. 
It shows that, as the voltage increased, the arc energy also rose for the 
same slip velocity. It needs to be mentioned that when the voltage was 
equal to 3.5 V, the arc discharge energy was equal to zero since the 
voltage drop between the collector and overhead wire was less than the 
threshold value of 10 V. Therefore, the arc discharge energy at the 
voltage of 3.5 V was not presented in Fig. 7. 


3.5. Current-passing efficiency as a function of voltage 


Fig. 8a displays the current-passing efficiency as a function of voltage 
for different normal forces. One can see that, as the voltage increased, 
the current-passing efficiency also increased for the same normal force. 
Fig. 8b shows the current-passing efficiency as a function of voltage for 
different sliding speeds. It shows that as the voltage increased, the 
current-passing efficiency also increased for the same sliding speed. 


4. Discussion 
4.1. Abrasion mechanism of collectors 


Fig. 9 shows scanned electron microscopy pictures of the worn scars 
for different voltages. From Fig. 9a, one can see that when U = 0, the scar 
surface of the collector was glossy, with a groove and an adhesive trace, 
due to friction and heat-enhanced wear. From Fig. 9b, one can see that 
when U = 3.5 V, there were apparent arc ablation pits and some ablation 
debris on the scar surface of the collector. The arc erosion mainly 
occurred within the friction contact area. At this time, the wear mech- 
anisms were still dominated by mechanical wear, accompanied by slight 


arc erosion. From Fig. 9c, it is obvious that when U = 167 V, there were 
clear arc ablation pits on the scar surface of the collector. There were 
observable larger cracks near the arc ablation pits. This was due to 
repeated actions of arc erosion, increasingly high temperature, and 
frictional shear, which formed large cracks. At this time, the abrasion 
mechanisms mainly involved arc erosion and adhesive wear. From 
Fig. 9d, one can see that when U = 667 V, there were apparent arc 
ablation pits on the scar surface of the collector. The wear mechanisms 
of the collector were still dominated by arc erosion and adhesive wear. 
From Fig. 9e, it can be seen that when U = 1352 V, there were clear arc 
ablation pits on the scar surface of the collector. There were larger 
cracks near the arc ablation pits. The abrasion mechanisms of the col- 
lector mainly involved with arc ablation and adhesive wear. 

Fig. 10 depicts EDS analyses of the worn surfaces without, and with 
voltage. One can see that the main component of the carbon collector 
before wear was carbon, accompanying a small amount of oxygen and 
sulfur, as shown in Fig. 10b. When U = 0, only a few parts of the contact 
area of the carbon collector showed Cu transfer. When U = 3.5 V, Cu 
could be detected on the scar surface of the collector, which meant that 
the scar surface of the collector had apparent Cu transfer when the 
electric voltage was posted, as depicted in Fig. 10d. 


4.2. Impact of voltage on the coefficient of friction 


It can be seen that the coefficient of friction reduced as the voltage 
rose from Fig. 3. This is attributed to a lubricating oxide film forming at 
the contact interface [32-34]. In a sliding electric contact, arc discharge 
easily occurs between the collector and overhead wire. The high tem- 
perature due to arc ablation raised the temperature of the collector, and 
arc ablation debris of the collector was transferred to the contact wire to 
form a lubricating film at the sliding interface. One can see from Fig. 6 
that as the voltage rose, the temperature of collectors rose as well; and 
the oxide film was more likely to form at the interface between the 
collector and overhead wire, which reduced the coefficient of friction of 
the collector rubbing against the overhead line. 

It can be seen from Fig. 3 that the friction coefficient decreased with 
the increase of contact normal force. Suh and Sin [35] thought that the 
friction coefficient consisted of three components: deformation 


Fig. 11. The worn topography of carbon collectors at V = 100 km/h: (a) Fa = 
60 N, (b) Fa = 80 N, (c) Fa = 100 N, (d) Fa = 120 N. 


component due to the interaction of surface asperities, ploughing 
component due to abrasive particles and hard surface asperities on a 
softer surface, and adhesion component between two sliding surfaces. 
The carbon collector used in the test is mainly composed of graphite 
particles. Therefore, when the contact normal force was higher, the as- 
perities on the surface of the carbon collector easily produced plastic 
deformation and brittle fracture. The plastic deformation made the 
shape of asperities round to decrease the deformation component due to 
the interaction of surface asperities. Fig. 11 shows four pictures of the 
worn surfaces of carbon collectors. It is seen that the collector worn 
surface at a normal force of 60 N was rougher than at a normal force of 
120 N. It was because the arc ablation at a normal force of 60 N was 
more severe than at a normal force of 120 N. The extent of the arc 
ablation was dependent on the arc discharge energy, which could be 
found from Fig. 7. Therefore, the deformation component due to the 
interaction of surface asperities at a normal force of 60 N was larger than 
at a normal force of 120 N. That is why the coefficient of friction be- 
comes lower at a larger contact force. 
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4.3. Influence of voltage on the abrasion rate of collectors 


In Fig. 4, we can see that the abrasion rate of collectors increased as 
the voltage increased. The wear rate of collectors at a voltage of 1352 V 
was 40-80 times as much as without voltage. Why did the voltage have 
such an immense impact on the abrasion rate of collectors? This could be 
attributed to arc erosion and heat-enhanced wear due to voltage. 
Fig. 12a exhibits the correlation between the abrasion rate of the col- 
lectors and arc energy, while Fig. 12b indicates the relationship between 
the abrasion rate of the collectors and the temperature of the collectors. 
From Fig. 12, we discover that there were significant correlations be- 
tween the abrasion rate of collectors and arc energy; and between the 
abrasion rate of collectors and temperature of collectors. The high 
temperature generated by arcing would burn and sublimate the material 
of collectors. At the same time, the softening and erosion of the collector 
material was more serious, and then the abrasion rate increased. This 
suggests that the abrasion rate of collectors was mainly dependent on arc 
erosion and heat-enhanced wear. This conclusion is consistent with 
Kubo’s conclusion [11,12]. 


4.4. Effects of voltage on arc energy and current-passing efficiency 


From Fig. 7, one can see that the arc energy increased as the voltage 
increased. From Fig. 8, it can be observed that the current-passing effi- 
ciency increased as the voltage increased. These were attributed to the 
fluctuations of the arc voltage and current during testing. The arc 
voltage has been defined in Section 2.3, which is mainly related to the 
voltage drop between the collector and overhead wire. Fig. 13 depicts 
the diversification of the electric current and the voltage drop between 
the collector and overhead wire for different test voltages. From 
Fig. 13a-d, we can see obviously that the voltage drop increased as the 
voltage increased. Therefore, we can conclude that the arc energy rose 
as the voltage rose. From Fig. 13a, we find that when U = 3.5 V, the 
distortion of the electric current was very serious. From Fig. 13a-d, we 
can also see that the distortion of the current was weakened as the 
voltage increased. Simplifying the equivalent electrical circuit at the 
contact, it was possible to consider the electrical contact resistance as a 
variable resistance: if the contact force increased, the electrical resis- 
tance decreased and vice-versa. If an electrical arc occurred, the contact 
force was very low (theoretically the contact force was zero because the 
arc was generated when a contact loss occurred) and the resistance 
increased. If a fixed electrical current was imposed at the contact, a 
voltage drop (contact resistance times current, i.e. V = R*I) was estab- 
lished and it could be at most equal to the imposed voltage. If the contact 
resistance increased, the voltage drop tended to increase up to the 
maximum imposed voltage. Once it reached the maximum value, the 
current must decrease. Therefore, the current-passing efficiency 
increased as the voltage increased as shown in Fig. 7. 

From Fig. 13, we can see that the voltage drop between the collector 
and overhead wire seems to easily appear on the positive side of the 
voltage. This might be related to the vibration frequency of the carbon 
collector. The author thought that when the contact force between the 
carbon collector and the contact wire was equal to zero, arc discharge 
would occur. This zero-contact force was due to the vibration of the 
collector. When the vibration frequency of the carbon collector was 
close to the frequency of the AC power supply, the contact force would 
be reduced to zero within half a vibration period. In this case, arc 
discharge would occur. In the other half of the vibration period, the 
contact force increased and was not equal to zero. In this case, no arc 
discharge would occur. This is why the voltage drop between the col- 
lector and overhead wire seems to easily appear on the positive side of 
the voltage. 


5. Conclusions 


In this paper, the impact of voltage on the tribological properties of 
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the sliding electric contact of collectors against overhead lines was 
experimentally researched. The following conclusions can be 
summarized: 


1. Electric voltage made a big impact on the electric sliding tribological 
properties of collectors against overhead lines. The abrasion rate and 
temperature of collectors rose with a rise in the voltage. The sliding 
coefficient of friction of collectors sliding against overhead lines 
slightly decreased as the voltage increased. 

2. The abrasion mechanisms for the sliding electric contact of collectors 
against overhead lines mainly included arc erosion, heat-enhanced 
wear, and adhesive wear. Arc erosion and heat-enhanced wear 
became more severe as the voltage increased. 

3. The current-passing efficiency of the sliding electric contact of col- 
lectors against overhead lines increased with an increase in voltage. 

4. The abrasive rate of collectors has a strong correlation with the arc 
energy and the temperature of the collectors. 
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